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ABSTRACT
The full conformational energy surface is examined for a molecule in which a dipeptide is
attached to the same spacer group as another peptide chain, so as to model the seminal steps of βsheet formation. This surface is compared with the geometrical preferences of the isolated
dipeptide so as to extract the perturbations induced by interactions with the second peptide
strand. These inter-peptide interactions remove any tendency of the dipeptide to form a C5 ring
structure, one of its two normally stable geometries. A C7 structure, the preferred conformation
of the isolated dipeptide, remains as the global minimum in the full molecule. However, the
stability of this structure is highly dependent upon inter-peptide H-bonds with the second chain.
The latter forces include not only the usual NH··O interaction, but also a pair of CH··O H-bonds.
The secondary minimum is also of C7 type, and likewise depends in part upon CH··O H-bonds
for its stability. The latter interactions also play a part in the tertiary minimum. A two-strand βsheet structure is not yet in evidence for this small model system, requiring additional peptide
units to be added to each chain.
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INTRODUCTION
The three-dimensional structure adopted by proteins rests on a variety of different structural and
energetic factors. In the first place, each residue has a different dependence upon internal rotations φ
and ψ around the Cα atom, represented by its characteristic Ramachandran plot. There are also
important interactions between non-adjacent residues that help the protein fold up into its native
conformation. Probably the most well-known of the latter class are the inter-residue H-bonds.
These H-bonds include not only peptide-peptide NH···O H-bonds, but also those that involve the
polar sidechains of certain residues. A range of newer, and usually weaker, interactions have gained
some attention in recent years, such as those involving the π systems of aromatic systems 1-8, which
also contribute to protein structure. Within the context of H-bonds, the ability of CH to act as proton
donor has been clearly established 9-19, but there is lingering discussion concerning the ability of
CH··O H-bonds to influence the structure of proteins.
Horowitz and Trievel have recently 20 summarized some of the strongest evidence to date
concerning the ability of CH··O H-bonds to influence the structure and function of biological
systems, which updates some of the earliest such compilations in this direction 21-29. The
combined work has catalogued such H-bonds that involve for example the CαH of the backbone
within the context of β-sheets 30-36. Certain residue sidechains 37-40 are clearly involved as well,
e.g. His 41,42. Much of the earlier work has since been verified by very high-resolution crystal
structures, and NMR data, to the point where CH··O H-bonds can be considered “highly
prevalent in protein structure” 20. These interactions serve more than a simple structural role, at
times participating in enzyme catalysis 41,43,44.
Given the complexity of proteins, and the multitude of forces that participate in their final
three-dimensional structure, it is far from simple to elucidate the contribution of one specific
interaction, and how the structure might differ in its absence. This problem has led to the
synthesis and analysis of a number of organic systems that contain both apparent CH··O bonds
and some of the elements of a full protein, but which are more conducive to detailed study of
individual interactions by virtue of their smaller size 13,15,17,18,45-49. The Smith group in particular
has constructed molecules 50-53 that contain species by which the ability of a CH··O H-bond to
contribute to the beginnings of β-sheet structure in a protein may be tested.
A recent work in particular 54 applied a hybrid combination of computations, along with a
variety of experimental measurements, to demonstrate that CH··O H-bonds are potent enough to
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override the normal trans-planar conformational preferences of α-fluoroamide substituents,
within the context of molecules that contain the seeds of interpeptide interactions within a
protein β-sheet. First by direct calculation, and also by comparison with analogous molecules
without such CH··O H-bonds, the calculations estimated the strength of the interaction to lie in
the neighborhood of 3-4 kcal/mol. Perhaps more to the point, both the computations and
diffraction structures found geometries that would not occur were there no attractive CH··O Hbond. This finding is quite consistent with prior direct calculations 55 of the β-sheet which found
comparable energetics of interstrand NH··O and CH··O H-bonds, results which were confirmed
by ensuing computations 56-59.
At this point, then, there appears to be compelling evidence that CH··O H-bonds can
influence the preferred geometry of certain systems, in particular those that bear a resemblance
to β-sheet structure in proteins. There are also computational assessments of the energy of such
bonds, in comparison to NH··O. The question remains, however, as to just how these H-bonds
might influence the structure during the process during which a β-sheet is being formed. In order
to address this issue, the skeleton of a two-strand β-sheet is built by tethering both strands to a
spacing unit that allows appropriate flexibility. This spacing unit is chosen not only to provide
the proper positioning of the two strands, but also to maximize its similarity to molecules that
have been examined experimentally, which will facilitate the checking of the results once the
molecule is synthesized and exposed to diffraction and spectrometric analysis.
More specifically, the molecule to be examined here is illustrated in Fig 1 where it may be
noted that it is composed of two strands. The upper chain contains a pair of peptide units
bracketing a CH2 group, as would occur for the Gly residue within a protein. The lower chain
places a peptide unit between two C atoms, again simulating a very short protein chain. The two
segments are connected via a phenyl ring and an ether linkage leading down to the lower chain,
similar to molecules that have been previously synthesized and studied 50-53. This system can be
considered as the very first stage of “zipping up” a β-sheet from one end to the other. Does this
pair of peptide strands begin to form a β-sheet even at this very early stage, or are more peptide
units required? How does the presence of the lower peptide chain influence the structure of the
upper dipeptide? Analysis can also determine whether the interstrand interactions are dominated
by conventional NH··O H-bonds, or if there is some influence by potential CH··O H-bonds or
perhaps some other attractive forces.
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Fig 1. Structures of molecule I, with lower peptide group turned so as to present its CO group
toward the upper in a, and its NH group turned in this direction in b. Important atoms are
labeled, as are the dihedral angles discussed in the text.
COMPUTATIONAL METHODS
Calculations were carried out via the Gaussian 09 package 60 using the M06-2X variant of
density functional theory 61 with a 6-31+G** basis set. This approach was devised in part so as
to better characterize intermolecular interactions of the sort being considered here, and has
enjoyed good success in the past 14,62-71. The DFT calculations utilized the finegrid option,
which is a pruned (75,302) one, specifically 75 radial shells and 302 angular points per shell,
which amounts to about 7000 points for each atom. Natural bond orbital (NBO) calculations 72,73
to assess intermolecular interactions were carried out using the analysis routines within the
Gaussian program.
RESULTS
The most important dihedral angles of the subject molecule I are illustrated in Fig 1a, where
φ and ψ have their usual meanings in the context of proteins, dealing with rotations about the
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CH2 group that lies between a pair of amide units. The orientation of the peptide unit in the
lower chain is primarily controlled by the CCNC dihedral angle denoted χ1 in Fig 1a. A rotation
around this C-N bond can reorient the lower chain from a position where its O atom can form a
NH···O H-bond with the first upper peptide (1a, with χ1 in the vicinity of -90°) to one in which
the NH group of the lower peptide interacts with the C=O of the second upper peptide, as in Fig
1b, where χ1 is in the +75° range.
The rotational profile of molecule I is presented as a function of dihedral angle ψ by the solid
curve in Fig 2. This curve was generated by choosing a regular set of ψ angles, with 30°
increments, between 0° and 360°. For each value of ψ, the remainder of the molecular geometry
was optimized. Since the various bond rotations can generate a number of local minima,
optimizations were run for a variety of different starting values of φ and χ1, as well as certain
other dihedral angles. The lowest-energy minimum was taken as the global minimum for a given
ψ angle, and it is that energy which is plotted as the solid curve in Fig 2.
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Fig 2. Energy as a function of dihedral angle ψ for the simple dipeptide (broken curve) and full
molecule I (solid curve). Red and blue colors indicate respectively whether the lower
peptide is oriented with CO or NH group pointing up toward the upper dipeptide. Zero of
energy is taken as the lowest value in the profile of each.
To be more specific, it was considered important to sample the full conformational space of
the molecule, so as to be sure that all minima, local as well as global, were identified. Multiple
minima are most likely associated with rotations around single bonds so this issue was of
paramount concern. It was thus necessary to begin optimizations from a variety of starting
points. First of all, peptide units were assumed to adopt their trans conformations, so geometry
optimizations began with φ(OCNH) dihedral angles equal to 180°, although this angle was
subject to change as a result of geometry optimization. As stated above, separate potential
energy surfaces were generated for the CO-up and NH-up configurations of the lower peptide,
which corresponded to geometry optimizations starting with χ1 = -90°, and χ1 = +75°, although
this angle was of course allowed to freely change during the optimization. Multiple orientations
of the terminal methyl groups were also adopted so as to ensure obtaining the lowest possible
energy, as were multiple values of the φ(OCCN) and φ(COCC) dihedral angles in the lower
chain. Four different starting points for the φ angle in Fig 1 were considered for each possible
structure, again to be sure no minimum on the surface was overlooked. Altogether, geometry
optimizations were carried out for nearly 200 different starting points, in each case holding fixed
only the single parameter, ψ. (A full list of all starting points and optimized structures is
contained in the Supporting Information.)
The solid rotational profile for the model molecule I may be compared with the dashed line
in Fig 2, which represents the profile of the upper chain of I, the dipeptide
NH2COCH2NHCOCH3. The most stable structure of this simple dipeptide, illustrated in Fig 3a,
occurs at ψ=300° (and its symmetrical equivalent at ψ=60°) where its dominant feature is a C7
ring, encompassing a NH···O H-bond between HN1 and O2. A secondary minimum, about 1
kcal/mol higher in energy, is present at ψ=180°, which is dominated by a C5 H-bond between
HN2 and O1, as shown in Fig 3b. The energy barrier which the C5→C7 pathway must traverse is
roughly 1.3 kcal/mol, while a barrier of nearly 3 kcal/mol at ψ=0° impedes the interconversion
between the two symmetric C7 structures at ψ=60° and 300°.
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Fig. 3. Structures of minima on the potential energy surface of the dipeptide segment
NH2COCH2NHCOCH3, indicating internal H-bond.
Comparison of the solid and dashed curves highlights some important perturbations caused
by the presence of the lower peptide unit in full molecule I. The C7 minimum at ψ=300°
remains intact, and retains its status as the global minimum. There is a secondary minimum at
ψ=60°, corresponding to the second C7 structure, but the absence of symmetry in I raises the
energy of this configuration by nearly 1 kcal/mol relative to the global minimum. A more
profound perturbation occurs at ψ=180° where the C5 minimum in the fragment is raised in
energy, to the point where it becomes the highest-energy structure in the entire range. (In fact, as
detailed below, the 180° geometry does not contain a C5 NH···O H-bond at all.) The other
secondary minimum, only slightly higher than that at 60°, occurs at ψ=150°. This displacement
from ψ=180° in the fragment to 150° in the full I represents more than a slight rearrangement of
the C5 fragment, encompassing an entirely new structure as described in greater detail below.
Another strong perturbation is associated with ψ=0°. The transition state for C7→C7’
interconversion in the smaller fragment, represents a barrier no longer in the larger molecule.
This barrier is shifted over to ψ=30°, and is significantly lowered, along with substantial changes
in geometry.
The reader may have noticed that the solid curve in Fig. 2 is blue for the 30° < ψ < 270°
range, and is red elsewhere. The two colors indicate the orientation of the lower peptide of Fig
1. Red is used to indicate values of ψ for which the lowest energy geometry points the carbonyl
O atom up toward the upper segment, as in Fig 1a, whereas conformations that orient the NH
group toward the upper chain (1b) are indicated in blue. In other words, the participation in a Hbond by the lower peptide as proton acceptor is indicated by red, and as a donor by blue. It is
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fair to wonder why the molecule should reverse its preference partway through the ψ rotational
profile. Why should it prefer CO up for some values of ψ and NH up for others?
Individual Rotational Profiles
In order to answer this question, rotational profiles were generated separately for structures
1a (CO up) and 1b (NH up). The solid red curve in Fig 4b presents the energy as a function of ψ
for the entire molecule I, wherein the lower segment maintains its carbonyl O pointed up, even
when that is not the lower energy structure. Again for reference, the rotational profile of the
upper dipeptide segment by itself is illustrated by the broken curve in Fig 4a. Certain issues are
particularly noticeable. For one thing, the C7 minimum at ψ=300º is intact in Fig 4b, but the
other C7 minimum at ψ=60º is very shallow, almost entirely vanished. Indeed, the geometry of
this structure does not have a C7 H-bond at all (see below). The C5 minimum at ψ=180º has in
fact disappeared, shifted over by 30º to 210º. But both the latter, and the ψ=60º minimum are
much less stable than the ψ=300º conformation, by nearly 3 kcal/mol. The maximum at ψ=240º
of the dipeptide remains, and is in fact doubled in height, as is the barrier at ψ=120º which is
shifted over toward ψ=90º.
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Fig 4. Energy as a function of dihedral angle ψ for a) simple dipeptide and b) full molecule I
with lower peptide held with CO group up facing the dipeptide. The interaction energy
computed for the upper and lower units, in the absence of intervening phenyl and other
groups, is shown in c. The sum of the latter interaction energy in c and the intrinsic
energy of the dipeptide in a is depicted in d. For a, b, and d, the value of zero is assigned
to the lowest energy; quantities shown in c represent absolute values.
There are a number of factors that must be considered in order to understand these
perturbations. First and foremost is the interaction between the upper dipeptide chain and the
lower peptide unit. This interaction is dominated, but not completely so, by the NH··O H-bond
indicated in Fig. 1a. The interaction energy between this pair of components was estimated by
taking each geometry of the full molecule in Fig. 4b, and removing the intervening groups. That
is, the phenyl group was deleted, as was the connecting OCH2CH2, leaving only the upper
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NH2COCH2NHCOCH3 and the lower CH3NHCOCH3, in precisely the same geometries as they
adopt in the full molecule I. The interaction energy between these two separate molecules was
then computed as Eint.
A second factor relates to the internal geometries of the upper and lower segments. Taking
the upper peptide segment as an illustration, the φ angle in the full molecule I is not necessarily
equal to, or even close to, its value when the isolated upper segment is fully optimized. For
example, when ψ=180°, the lowest energy structure of the upper segment H2COCH2NHCOCH3
has φ=-179°, which enables the formation of the C5 NH··O H-bond. But in the full molecule I,
when ψ=180°, any advantage of a C5 intrapeptide H-bond is outweighed by the stability offered
by interpeptide H-bonds with the lower segment, leading to an optimized φ of 78°. In order to
adopt the latter conformation, the upper segment must overcome an internal “distortion energy”,
representing the energy difference of φ=78°, versus its natural minimum at φ=-179° which
would include the C5 minimum. This big difference in φ does not occur over the entire range of
ψ, but only at a few select angles, notably 150° < ψ < 210°, as well as at ψ=±30°, so it is only
here that this distortion energy must be accounted for. (There is also distortion energy within the
lower segment of I, with a similar origin.)
The broken red curve of Fig 4c represents the total of the two aforementioned factors, the
intersegment interaction energy plus the distortion energy, as a function of dihedral angle ψ.
These two factors are most stabilizing (most negative values) in the vicinity of ψ=0, where there
is a particularly strong interpeptide NH··O H-bond, with R(H··O)=2.08 Å. Another value of ψ
for which the interpeptide interactions are highly stabilizing occurs at 210°, containing a short
2.07 Å NH··O H-bond, augmented by a pair of fairly strong CH··O H-bonds, with R(H··O)~2.3
Å. The interpeptide attractions that occur at the third minimum in Fig. 4c, ψ=300°, represent a
combination of NH··O and CH··O H-bonds, none of which are shorter than 2.3 Å.
When these two factors are added to the rotational profile of the upper peptide fragment in
Fig 4a, one obtains the profile illustrated in Fig 4d. It is readily apparent that the overall shape of
this curve is quite similar to that of the (red) actual calculated energy of the full molecule I in Fig
4b. Both curves show a global minimum at ψ=300°, and a secondary minimum at ψ=210°,
separated by a maximum at ψ=240°. In summary, then, one can account for some of the initially
surprising aspects of the rotational profile of molecule I by simply adding the interpeptide
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interaction energy and the internal distortion energies to the intrinsic profile of the upper segment
dipeptide molecule.
The same procedure was followed for the case where the NH group of the lower segment
points up toward the upper dipeptide, and the comparable results displayed in Fig 5. The
interaction energies (plus distortion energies) in Fig 5c are especially strong in the 120° < ψ <
180° region, which is attributed to a particularly short interpeptide NH··O H-bond of 1.93-2.01
Å. The interpeptide interaction is quite weak in the vicinity of ψ=330°. Although the sum of
dipeptide molecule, interpeptide and distortion energies (Fig 5d) does not superimpose quite as
readily on the actual profile of the full molecule I (Fig 5b), there are strong similarities
nonetheless. The region around ψ=150° is of low energy in either case, and minima are present
for ψ=60° and 300° (C7 regions). The peak in the energy at ψ=330° can be understood on the
basis of the weak interpeptide interactions in this conformation, cf Fig 5c.
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Fig 5. Energy as a function of dihedral angle ψ for a) simple dipeptide and b) full molecule I
with lower peptide held with NH group up facing the dipeptide. c shows the interaction
energy between the upper and lower units, in the absence of intervening phenyl and other
groups, and d represents the sum of c and a.

Explanation
We are now in a position to understand the basis of the full rotational profile of I illustrated
in Fig 2. The lowest energy structure is plotted for the full molecule I, regardless of whether the
lower segment has the CO or NH group up. The red color in Fig 2 indicates that it is the CO-up
structure that is the more stable of the two at a given value of ψ, while the lower energy of NHup is designated by the blue color. In summary, the CO-up conformation is more stable for 270°
< ψ < 360°, while NH-up is preferred over the remainder of the ψ range.
Some of the more important structures are illustrated in Fig 6. The global minimum in Fig 6a
contains first of all an internal C7 NH··O H-bond of length 2.06 Å. One may obtain a rough
estimate of the interaction energy of a H-bond such as this via the NBO E(2) perturbation
energy. This quantity is equal to 6.83 kcal/mol for the Olp→σ*(NH) charge transfer, and is
supplemented by a π(CO)→σ*(NH) contribution of 3.19 kcal/mol. Importantly, there is a very
substantial interpeptide interaction energy for this structure of 10.47 kcal/mol. A chief
contributor to this force is a pair of CH··O H-bonds, of lengths 2.42 and 2.48 Å, with respective
NBO measures of attraction of E(2) 1.95 and 1.87 kcal/mol. The interpeptide NH··O H-bond
would appear to be somewhat weaker. Even though R(H··O) is fairly short at 2.33 Å, the H-bond
is far from linear, with θ(NH··O)=113°, and with E(2) of only 1.57 kcal/mol. It is worth
comparing this global minimum with the other structure with ψ=300° and a C7 internal H-bond,
that with NH up instead of CO. Even though this conformation contains a strong interpeptide
NH··O H-bond, with R(H··O) 2.01 Å, and E(2)=12.52 kcal/mol, it lies 1.0 kcal/mol higher in
energy than the global minimum in Fig 6a. One might thus attribute the greater stability of the
CO-up structure to its CH··O H-bonds.
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Fig. 6 Structures of selected geometries of molecule I. Selected interatomic distances are in Å.

Another revealing point of comparison arises from the structure in Fig 6b with ψ=60°, also
containing an intrapeptide C7 H-bond, and representing a second minimum in the full rotational
profile. This conformation includes a single interpeptide NH··O H-bond, and a rather strong one
at that, with R(H··O)=1.97 Å and E(2)=13.74 kcal/mol. But again, this single NH··O H-bond
results in a structure that is higher in energy that that in Fig 6a which contains two CH··O Hbonds, again by 1 kcal/mol. One may conclude that the pair of strong CH··O H-bonds in this
molecule can compete effectively even with a strong NH··O H-bond.
The other minimum in the rotational profile of I occurs at ψ=150°. Like the 180° minimum
in the small dipeptide profile, this structure in Fig 6c contains what might appear at first sight to
be an intrapeptide C5 NH··O H-bond. However, with R(H··O) fairly long at 2.93 Å, such a bond
would be quite weak, which is confirmed by an E(2) of less than 0.5 kcal/mol. It might thus be
misleading to characterize this minimum as a mere perturbation of the original C5 minimum in
the dipeptide. Its stability is based instead on purely interpeptide interactions, primarily a NH··O
H-bond of length 2.00 Å and with E(2)=13.62 kcal/mol. The next most important interaction
would appear to be a H-bond connecting the NH donor of the upper dipeptide with the N atom of
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the lower. With R(NH··N)=2.55 Å and E(2)=2.13 kcal/mol, this bond represents a significant
contribution. Finally, there is a CH··O H-bond, with R(H··O)=2.49 Å and E(2)=0.92 kcal/mol. It
should be noted as well that, in order to adopt a configuration amenable to this interpeptide
attraction, the φ angle of the upper dipeptide in 6c must change from the -170° in the small
dipeptide molecule to -65° in the full molecule I, which encompasses an internal distortion
energy of 0.8 kcal/mol. The strain energy in the lower segment is even larger, 1.4 kcal/mol. In
other words, the interpeptide attraction is strong enough to force a total distortion energy of 2.2
kcal/mol, and yet remain a minimum in the rotational profile.
It might be noted that whereas ψ=180° represents a minimum in the profile of the small
dipeptide segment, that same dihedral angle corresponds to the highest energy structure in the
entire rotational profile of the full molecule I. It is immediately clear that this conformation in
Fig 6d does not include anything resembling a C5 NH··O H-bond. Instead, the most significant
contribution to its stability resides in an interpeptide NH··O H-bond, with length 2.01 Å and
E(2)=12.94 kcal/mol. Part of the instability of this structure arises from the distortion energy
imposed on its upper dipeptide segment of 2.3 kcal/mol in order to achieve a conformation
amenable to this NH··O H-bond. In other words, in the small dipeptide molecule φ would be
180° when ψ=180°. But φ readjusts to 68° in the full molecule, costing the system 2.3 kcal/mol.
From a broader perspective, the C5 H-bond is the prime contributor to the minimum in the
simple dipeptide. But this intrapeptide H-bond cannot be sustained in larger molecules where it
is supplanted by interpeptide attractions, and the cost of breaking the intrapeptide H-bond raises
the energy of the entire system.
DISCUSSION
It is now possible to both summarize the overall effects of the presence of the lower peptide
group upon the conformational profile of the upper dipeptide, and also account for these effects
via fundamental principles. The preference of the dipeptide for a geometry that encompasses a
C7 NH··O H-bond is left unaltered, with a global minimum occurring at ψ=300° in either case
(and with φ=83° in both systems). However, in order to retain this privileged status as structure
of lowest energy, under competition from other geometries with a very substantial interpeptide
NH··O H-bond, the global minimum relies upon a pair of CH··O H-bonds to supplement the
weaker, highly angularly distorted NH··O interpeptide interaction. This geometry has a ψ angle
quite close to that of the standard α-helix in the Ramachandran plot, that occurs at (-58°,-50°).
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However, its φ angle of 83° is significantly distant from that of the α-helix at roughly -58°. So
one might conclude that the presence of the lower peptide in I is insufficient to stimulate the
adoption of an α-helical conformation in the dipeptide. This failure is not surprising since the αhelical structure is stabilized by H-bonds between residues further separated along its chain than
are possible in a dipeptide.
The second most stable minimum of the full molecule I is also of C7 type. In addition to the
intrapeptide C7 H-bond, it contains a strong interpeptide NH··O H-bond, with R(H··O)=1.97 Å,
and with θ(NH··O) nearly linear at 163°. Nonetheless, the stability conferred by this latter
interaction appears to be weaker than the ψ=300° minimum, relying upon CH··O H-bonds to
supplement a NH··O H-bond of only moderate strength.
As mentioned above, the presence of the lower peptide eliminates the C5 minimum of the
simple dipeptide which occurs at (φ,ψ)=(180°,180°). Instead, the tertiary minimum of the full
molecule I shifts ψ down to 150°, and changes φ to -65°. While the ψ angle is beginning to
approach its value of 112°/135° in the parallel/anti-parallel β-sheets, respectively, the φ angle of
-65° is far removed from the corresponding values of -120° and -140° in the β-sheet. Molecule I
is therefore too small a model to force the appearance of an incipient β-sheet, although the
ψ=150° minimum does include the interpeptide NH··O and CH··O H-bonds that are a trademark
of the β-sheet.
In summary, then, the presence of the lower peptide group leaves largely intact the
preference of a dipeptide to adopt a C7-type geometry, even though its stability depends in large
measure on interactions between the upper and lower peptide chains. The C5 structure of the
dipeptide, on the other hand, is a fragile one, in that it vanishes upon placement of the lower
peptide group in the vicinity of the upper dipeptide. The presence of the lower peptide group
induces the formation of a tertiary minimum in the upper dipeptide, at ψ=150°, whose stability
rests upon both weak CH··O and NH··N H-bonds to supplement a much stronger NH···O
interaction.
Of course, a full β-sheet contains many more peptide units than does the model system
considered here, which includes a pair of peptides on the upper strand and only a single peptide
on the lower. And the structure of the connecting unit, with its phenyl ring and ether linkage,
does not provide the full range of flexibility that would accrue to a protein molecule’s longer,
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multistrand β-sheet. These factors might limit the ability of the model molecule to engage in a
structure that is a truly accurate reproduction of a β-sheet.
Despite the small size, however, one can see abundantly clear evidence that the peptide units
in the two strands do indeed have a strong influence upon the conformational preferences of one
another. These effects are obvious first in the very different character of the rotational profiles of
the fragment and full molecule, displayed by the broken and solid curves, respectively, in Fig 2.
For example, it is this interstrand interaction that eliminates the C5 minimum present in the
structure of a single strand, turning this sort of structure from a minimum to a maximum in the
potential energy surface. And this mutual effect is unambiguously traced to the H-bonds that
occur between the two strands, a necessary ingredient in the ultimate β-sheet formation in a
protein. The evidence for this H-bond participation arises not only from NBO orbital interaction
energies, but also from direct calculation of the interaction energies between the two segments.
At this early stage of protein structure nucleation, the results further indicate that CH··O H-bonds
play a very important role, secondary only to the stronger NH··O bonds that are normally
considered to be completely dominant.
Lastly with respect to the accuracy that might be expected for the theoretical method applied
here, the M06-2X approach was chosen in part for its design and superior performance in dealing
with noncovalent interactions. Nonetheless, the data are not perfect. A recent study 74 found that
the M06 family of functionals handle H-bonded systems rather well, reproducing much of the
dispersive attractions needed for long range interactions, but there is a lingering error in the
range of perhaps 0.5-1.0 kcal in applications to H-bonded systems. DFT methods such as M062X also apply integration grid quadrature methods which can be subject to certain errors as well.
However, a recent test 75 found the error to be expected from the grid applied here ought to be
well under 0.1 kcal/mol.
In order to insure the validity of the M06-2X data, two other functionals were used to
compare the energies of some of the most important structures. The geometries illustrated in Fig
6 for ψ=300, 60, and 150 all correspond to minima in the rotational profiles (see Fig 2). The
energies of these structures were computed using two other functionals B97D 76 and ωB97XD 77,
both of which were designed in part to describe long-range dispersion effects. And indeed there
is evidence 78 that the latter approach, as well as M06-2X, provide superior reproduction of the
so-called gold standard for noncovalent forces, CCSD(T). Although there were of course some
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changes in the quantitative energy differences, both methods confirmed the energetic ordering
obtained by M06-2X. As a further check on the M06-2X method, ab initio MP2 calculations
were carried out on the same three important configurations, and again there was no change in
their energetic ordering. This similarity is not surprising as MP2 and the M0n-2X series have
been found 79 to correlate quite well with one another in complexes containing comparable sorts
of interactions
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FIGURE CAPTIONS

Fig 1. Structures of molecule I, with lower peptide group turned so as to present its CO group
toward the upper in a, and its NH group turned in this direction in b. Important atoms are
labeled, as are the dihedral angles discussed in the text.
Fig 2. Energy as a function of dihedral angle ψ for the simple dipeptide (broken curve) and full
molecule I (solid curve). Red and blue colors indicate respectively whether the lower
peptide is oriented with CO or NH group pointing up toward the upper dipeptide. Zero of
energy is taken as the lowest value in the profile of each.
Fig. 3. Structures of minima on the potential energy surface of the dipeptide segment
NH2COCH2NHCOCH3, indicating internal H-bond.
Fig 4. Energy as a function of dihedral angle ψ for a) simple dipeptide and b) full molecule I
with lower peptide held with CO group up facing the dipeptide. The interaction energy
computed for the upper and lower units, in the absence of intervening phenyl and other
groups, is shown in c. The sum of the latter interaction energy in c and the intrinsic
energy of the dipeptide in a is depicted in d. For a, b, and d, the value of zero is assigned
to the lowest energy; quantities shown in c represent absolute values.
Fig 5. Energy as a function of dihedral angle ψ for a) simple dipeptide and b) full molecule I
with lower peptide held with NH group up facing the dipeptide. c shows the interaction
energy between the upper and lower units, in the absence of intervening phenyl and other
groups, and d represents the sum of c and a.
Fig. 6 Structures of selected geometries of molecule I. Selected interatomic distances are in Å.
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